The inductively coupled plasma etching of platinum with Ar/Cl 2 gas chemistries is described. X-ray photoelectron spectroscopy ͑XPS͒ is used to investigate the chemical binding states of the etched surface with various Ar/͑ArϩCl 2 ) mixing ratios. Atomic percentage of Cl element increases with increasing Ar/͑ArϩCl 2 ) mixing ratio with the exception of Ar/͑ArϩCl 2 ) mixing ratio of 1. At the same time, the peaks that seem to be subchlorinated Pt at XPS narrow scan spectra are found and Cl-Pt bonds rapidly increase at Ar/͑ArϩCl 2 ) mixing ratio of 0.62. Quadrupole mass spectrometry ͑QMS͒ is used to examine the variations of plasma characteristics with various Ar/Cl 2 gas chemistries. QMS results show that Cl 2 molecules are converted to Cl radicals with adding Ar gas to Cl 2 plasma. QMS results support the increased atomic percentages of Cl elements on the etched Pt surface. Single Langmuir probe measures ion current density with various Ar/Cl 2 gas plasma. Ion current densities are used to investigate the ion bombardment effects on the etched surface. Thin film thickness measuring system, scanning electron microscope and a four-point probe are used to extract the Pt etching characteristics. The maximum etch rate of Pt is approximately 140 nm/min at the Ar/͑ArϩCl 2 ) mixing ratio of 0.9. These results are consistent with XPS, QMS, and Langmuir probe data.
I. INTRODUCTION
Giga bit dynamic random access memory ͑DRAM͒ requires the capacitor of high dielectric films. Many researchers have been interested in the formation of high dielectric thin films. Pb͑Zr 1Ϫx Ti x )O 3 , Ba 1Ϫx Sr x O 3 and Sr x TiO 3 have been promising candidates as high dielectric materials. [1] [2] [3] In order to preserve the high dielectric constant, the crystal structure of dielectric materials has to be a perovskite phase. 4 The formation of a perovskite phase depends on the crystal structure of substrate materials and requires nonoxidized surface of substrate materials. It is well known that the promising candidate to meet these requirements of substrate materials is Pt because of its chemical stability and good crystallinity. In DRAM processes, the fabrication of a capacitor consists of thin film deposition and dry etching. Although the technology to deposit the high dielectric films has been distinctly developed, very little work has been done in developing the etch technology for patterning the high dielectric films and Pt. 5, 6 However, in order to form the high dielectric capacitor, the plasma etch technology of Pt has to be developed first.
Plasma process utilizing inductively coupled plasma ͑ICP͒ has emerged as a promising technique to meet the increasingly stringent requirements in microelectronics fabrication. 7, 8 The high plasma density produced by ICP sources is particularly attractive for DRAM application. Some advantages in using this technique for etching is included higher etch rate and lower ion bombardment energies compared with conventional reactive ion etching. In this study, the effects of additive Ar gas to Cl 2 plasma on the Pt etch characteristics were investigated. The dry etching technology using ICP sources was applied to etch Pt as a substrate material for the high dielectric capacitor. The chemical reaction on the etched surface, plasma characteristics, and Pt etch characteristics with Ar/Cl 2 gas chemistries were discussed.
Surface reaction of Pt etching was investigated with Ar/Cl 2 gas plasma using x-ray photoelectron spectroscopy ͑XPS͒ and quadrupole mass spectrometry. Ion current density was measured with Ar/Cl 2 gas plasma using single Langmuir probe. For the application to DRAM processes, Pt etching characteristics were also extracted using thin film thickness measuring system, and a four-point probe.
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II. EXPERIMENTAL DETAILS
The 5 in. Si substrates used for this study were doped with B ͑0.85-1.15 ⍀ cm͒, oriented ͑100͒, and chemically etched for 60 s using 1% HF:H 2 O prior to chemical vapor deposition ͑CVD͒ growth. The substrates were coated with a 600 nm-thick layer of SiO 2 grown by low pressure CVD (SiH 4 ϩO 2 , 420°C, 240 mTorr͒. To enhance the adhesion of Pt on the oxide layer, a 75 nm-thick TiW ͑90%͒ was deposited prior to Pt deposition. Deposition of the Pt films was performed using a Varian 3180 dc sputtering system equipped with a 7 in. conical magnetron sputtering source. The Pt sputtering target was specified at 99.999% purity. Sputtering was performed in research-grade Ar at a pressure of 8 mTorr, and the distance from source to substrate was ϳ3.3 in. Typical sputtering power was 9.6 kW. These conditions resulted in a nominal deposition rate of ϳ1000 nm/min. During deposition, the substrate was grounded and the substrate temperature was held at 200°C using a gas conduction heating. The final thickness of the sputtered Pt film was ϳ200-300 nm, and ϳ95% uniform across the surface of the 5 in. wafers. Film thickness was measured using a Tencor Model ␣-step 200 surface profiler.
Plasma etching of the Pt films was performed using a home-made ICP mode etching system. Figure 1 is a schematic diagram of experimental apparatus. A planar ICP etching equipment having a 3.5 turn spiral copper coil on the top of the chamber separated by a 1 cm-thick quartz window was used in this experiment. Note 13.56 MHz rf power was applied to the coil to induce inductively coupled plasma. Another 13.56 MHz rf power was applied to the substrate to induce bias voltage to the wafer. Wafers were placed on a bottom electrode. Substrate holder temperature during the Pt etch was held at ϳ50°C using the circulation of cooling water. A Balzers turbo pump reduced residual gas pressure to below 5ϫ10 Ϫ5 Torr before the processing step. The Cl 2 /Ar gas mixture was used for Pt etch and the total gas flow was 53 sccm. The Ar/͑ArϩCl 2 ) mixing ratio was changed from 0 to 1. ICP source power was constant at 600 W. Bias voltage was at Ϫ125 V and bias power was controlled to maintain the constant bias voltage. Etch rate was measured using a four-point probe and thin film thickness measuring system.
To observe the etch profile, a ϳ300 nm thick plasma enhanced chemical vapor deposition film was deposited as a masking layer during Pt etching.
After removing the plasma etched samples from the etching system, the samples had been exposed to the atmospheric environment for approximately one day prior to XPS analysis. Compositional analysis of the Pt surface was performed using a VG Scientific ESCALAB 200R XPS with Mg K␣ ͑1253.6 eV͒ radiation operating at 250 W. A narrow scan spectra of all regions of interest was recorded with 20 eV pass energy in order to quantify the surface composition and identify the chemical binding state.
The plasma characteristic was extracted from QMS and single Langmuir probe. A quadrupole mass spectrometer ͑QMS; Balzers QMG/E 125͒ located at the sidewall of the process chamber was used to monitor species such as dissociated radicals in the plasma. The hole of 1 mm diam was formed to the wall of etching chamber and connected to the differential pumped system. The pressure of the port attached to QMS was maintained under 10 Ϫ5 Torr. Single Langmuir probe was also inserted at the center of the chamber to measure the ion current density in the plasma. Ion current was saturated at approximately Ϫ20 V and was extracted at Ϫ40 V. Ion current density was calculated by dividing ion current into probe area. 
III. RESULTS AND DISCUSSION

A. Chemical binding states of etched surface
XPS analysis was carried out to investigate the etched Pt surface modification by using Ar/Cl 2 gas plasma. O, Pt, C, and Cl atoms were detected on the etched surface. However, Ar did not exist on the etched surface. O and C were observed and were caused by air exposure of the etched samples prior to XPS analysis. Figure 2 represents the XPS atomic counts of the Pt surface with Ar/Cl 2 gas mixing ratio. In Fig. 2 , the atomic percentage of chlorine has the maximum value at Ar/͑ArϩCl 2 ) of 0.62. Under Ar/͑ArϩCl 2 ) ratio of 0.62, chlorine increased with increasing Ar flow rate in spite of decreasing Cl 2 partial pressure in the plasma. At the same time, the atomic percentage of Pt has the minimum value at Ar/͑ArϩCl 2 ) ratio of 0.62. This means that the residual layer formed on the etched surface at 0.62 of Ar/͑ArϩCl 2 ) is thicker than those at other etching conditions. XPS narrow scan analysis was carried out to examine the chemical binding states of each element on the Pt surface with Ar/͑ArϩCl 2 ) ratio. Figure 2 shows Pt narrow scan spectra. Figures 3͑a͒ and 3͑b͒ represent the Pt 4 f spectra with Ar/͑ArϩCl 2 ) ratios of 1 and 0.62, respectively. Figure 3͑a͒ shows that the Pt 4 f spectrum can be resolved into two chemical components as Pt-Pt and Pt-O. The peaks at 71 and 74.4 eV binding energies correspond to Pt 4 f 7/2 and Pt 4 f 5/2 of elemental Pt, respectively. At the same time, Pt 4 f 7/2 due to suboxided Pt is also found at the binding energy of 72 and 75.5 eV because 74 and 75 eV binding energies are observed for normal Pt-O bonds in PtO and PtO 2 , 10 respectively. This implies that Pt atoms on the surface mainly exist as the chemical state of elemental Pt. It is also found in this figure that the peak intensities of Pt-O bonds are small. This seems to result from the chemical stability of Pt. Meanwhile, the Pt 4 f narrow spectra was obtained at the Ar/͑ArϩCl 2 ) mixing ratios of 0, 0.2, and 1 were nearly same. This implies that Cl atoms exist insignificantly on the etched surface in these gas mixing conditions. However, it is found that Fig.  3͑b͒ is changed. In comparison to Fig. 3͑a͒ , it is found that the peak intensities corresponding to the binding energies of 72.8 and 76.3 eV were increased. These peak increases seem to result from the bond with a high electronegative element such as chlorine. This can be inferred since Cl atomic percentage rapidly increases but O is insignificantly changed in Fig. 2 . At the same time, Pt-Cl bond is detected at the higher binding energy compared to Pt-O bond because Cl atom is more electronegative than O atom. Meanwhile, these peaks result from subchlorinated Pt because 73.5 and 75.3 eV binding energies are observed for normal Pt-Cl binding states of PtCl 2 and PtCl 4 , respectively. Figure 4 represents Cl 2p narrow scan spectra with various Ar/͑ArϩCl 2 ) mixing ratios. Cl 2p spectrum is entirely composed of single component as Cl-Pt. Cl-Pt bond is observed at 198 eV and formed as a doublet. At Ar/͑ArϩCl 2 ) ratio of 0.62, Cl-Pt bond increases significantly and this result agrees with Fig. 2 . This means that the majority of Cl atoms combine with Pt. Meanwhile, Cl-O bond was not detected.
B. Plasma characteristics
In order to examine the cause of Fig. 2 , the plasma species densities were obtained by QMS. Table I shows the relative density of plasma species with various Ar/͑ArϩCl 2 ) gas mixing ratio. In this table, Ar species increase with increasing Ar/͑ArϩCl 2 ) ratio. This seems to be due to the increase of Ar partial pressure in the plasma. At the same time, Cl 2 species density decreases rapidly at Ar/͑ArϩCl 2 ) mixing ratio of 0.9. However, Cl radical density insignificantly decreases between 0 and 0.9. These indicate that the dissociation of Cl 2 molecules was enhanced by additive Ar and Cl 2 molecules were converted into Cl radicals. This means that the additive Ar has an effective role of the Cl 2 dissociation and an important effect on Pt reaction with Cl elements. Figure 5 represents the ion current density with various gas mixing ratio and ICP source power by single Langmuir probe. This figure shows that ion current density increase with increasing Ar/͑ArϩCl 2 ) ratio. This result can be explained by the fact that Ar makes a role of neutral scatterer.
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This implies that ion bombardment effects on the etched surface are enhanced with increasing Ar/͑ArϩCl 2 ) ratio. The enhanced ion bombardment effects increase the reaction of Cl species with Pt. Therefore, in Fig. 2 , it is confirmed that Cl atomic percentage at Ar/͑ArϩCl 2 ) ratio of 0.62 is higher than that at other Ar/͑ArϩCl 2 ) ratios because ion bombardment effects and Cl radical density are increased with increasing Ar/͑ArϩCl 2 ) ratio. At the same time, it is also found that ion current density increases with increasing source power. This seems to be caused by the increased electron density. Thus, the increased electron density enhances the collision with neutral species and increases the ionization of neutral species. Figure 6 represents Pt and oxide etch rates as a function of Ar/͑ArϩCl 2 ) mixing ratio. This figure shows that Pt etch rate increases with increasing gas ratio, but it decreases at Ar/͑ArϩCl 2 ) mixing ratio of 1. At the same time, oxide etch rate decreases with increasing Ar/͑ArϩCl 2 ) mixing ratio. It is also found that Pt etch rate at Ar/͑ArϩCl 2 ) of 0.9 is higher than that at Ar/͑ArϩCl 2 ) of 1. Pt etching would progress by physical sputtering effects at Ar/͑ArϩCl 2 ) ratio of 1. Therefore it is confirmed that increased etch rate at Ar/͑ArϩCl 2 ) of 0.9 results from the enhanced chemical reaction between Pt and Cl radicals and the increased ion bombardment effects as mentioned. Meanwhile, the decrease of oxide etch rate seems to be resulted from the decrease of Cl 2 partial pressure.
C. Pt etch characteristics
IV. CONCLUSION
The chemical binding states of etched surface with various Ar/͑ArϩCl 2 ) mixing ratios were investigated by using XPS. The peaks were found due to subchlorinated Pt in the XPS narrow scan spectra and Cl-Pt binding states rapidly increased with increasing Ar/͑ArϩCl 2 ) mixing ratio. QMS results showed that Cl 2 molecules were converted to Cl radicals with additive Ar gas in the Cl 2 plasma. These results support the cause that the atomic percentages of Cl elements increase with increasing Ar/͑ArϩCl 2 ) mixing ratio on the etched Pt surface. Single Langmuir probe results showed that the ion bombardment effects on the etched surface increased with increasing Ar/͑ArϩCl 2 ) mixing ratio. Meanwhile, the maximum etch rate of Pt was 140 nm/min at the Ar/͑ArϩCl 2 ) mixing ratio of 0.9.
In this study, it was confirmed that the increase of Pt etch rate resulted from increasing the ion bombardment effects and the reactive Cl radicals with additive Ar gas to Cl 2 plasma. 
